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Masses by gauge flavor dynamics
Petr Benesˇ, Jiˇr´ı Hosˇek,∗ and Adam Smetana
Department of Theoretical Physics, Nuclear Physics Institute,
Academy of Sciences of the Czech Republic, 25068 Rˇezˇ (Prague), Czech Republic
We gauge the experimentally observed flavor (family) index of chiral lepton and quark fields and
argue that the resulting non-vectorial SU(3)F dynamics completely self-breaks. This breakdown
generates fermion masses, which in turn trigger electroweak symmetry breaking (EWSB). Suggested
asymptotically free dynamics with an assumed non-perturbative infrared fixed point has just one free
parameter and is therefore either right or plainly wrong. Weak point of field theories strongly coupled
in the infrared, unfortunately, is that there is no reliable way of computing their spectrum. Because
of its rigidity the model provides, however, rather firm theoretically safe experimental predictions
without knowing the spectrum: First, anomaly freedom fixes the neutrino sector which contains
almost sterile neutrino states. Second, global symmetries of the model, spontaneously broken by
fermion masses imply the existence of a fixed pattern of (pseudo-)axions and (pseudo-)majorons. It
is gratifying that the predicted both sterile neutrinos and the pseudo-Nambu–Goldstone bosons are
the viable candidates for dark matter.
PACS numbers: 11.15.Ex, 11.30.Hv, 12.60.Cn, 14.60.St, 14.80.Va
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I. INTRODUCTION
One of the most persistent issues in the particle physics
has been in last decades the problem of electroweak
symmetry breaking (EWSB) and fermion mass genera-
tion. Most of the current approaches can be divided into
two main categories. The first category contains weakly
coupled models, in which the electroweak symmetry is
broken typically by condensates of some electroweakly
charged scalar fields. The scalar condensation translates
the bare scalar mass parameters, present already at the
level of Lagrangian, into masses of gauge bosons and
fermions [1]. Most notable members of this group are the
Standard Model (SM) [2], the Two Higgs Doublet Model
[3] and the Minimal Supersymmetric Standard Model [4–
6].
The second category consists of models where the
EWSB is achieved dynamically, typically due to fermion
condensates in analogy with superconductors [7–9] . The
condensation is usually driven by some new strong and
chiral gauge dynamics. The mass scale of the condensate
is not present at the level of Lagrangian but instead it is
generated by dimensional transmutation of the running
gauge coupling constant. In order to manifest the scale as
particle masses the corresponding gauge dynamics must
not be stable in the infrared [10]. The asymptotically free
theories are suitable candidates. The leading representa-
tives of this category are various Extended Technicolor
(ETC) models [11–14]. They all introduce new fermions,
charged under both the electroweak and the new strong
gauge dynamics.
Recent suggestion [15, 16] of one of us belongs to the
second category. Although it resembles in some aspects
the ETC models, it is still substantially different. The
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basic idea, though not completely new [17–24], is to work
with what we already have at disposal and gauge directly
the flavor (family) index of the standard (i.e., observed)
fermions. Assuming that there are three families of stan-
dard fermions, we obtain this way the gauge flavor dy-
namics (g.f.d.) with the gauge group SU(3)F and with
the corresponding coupling constant h being thus the
only free parameter of the theory. The new flavor dy-
namics is assumed to be responsible for the EWSB. The
structure of the fermion gauge representations ensures
that the model is chiral. The aim of this paper is to
present the model in more detail and to provide some
new arguments in its favor.
Before we turn into technical details in the following
sections, let us first sketch the main points of the pre-
sented scheme:
• Since the postulated flavor symmetry SU(3)F is not
a symmetry of the observed fermion mass spec-
trum, it has to be spontaneously broken along the
mass generation in infrared. Therefore we demand
that the g.f.d. is asymptotically free and assume
that it completely self-breaks bellow some scale ΛF.
• Because in QCD we trust, the g.f.d. must not be
vector-like. For if it were, it would be confining at
momenta bellow ΛF in contradiction with experi-
ment.
• Assumed spontaneous breaking of the SU(3)F
means generation of masses of the eight flavor-
gluons, the SU(3)F gauge bosons. Phenomenolog-
ically, since the exchanges of flavor-gluons gener-
ally change flavor, they have to be very heavy, with
masses to be at least of the order of 1 000TeV [12].
• Non-perturbative flavor-gluon exchanges between
the left-handed and the right-handed fermion fields
induced by the large effective sliding flavor charge
2h¯(q2) lead to generation of fermion masses. The
mass differences among the fermions of different
electric charges are guaranteed by assignments of
their chiral components in specific representations
(triplets or antitriplets) of SU(3)F. Neutrinos turn
out to be Majorana particles.
• All fermion masses are given in terms of the large
flavor-gluon masses. We associate their smallness
with the critical scaling [25, 26] which occurs not
earlier than near a non-trivial non-perturbative in-
frared (IR) fixed point.
• The fermion masses, generated dynamically in the
course of breaking the SU(3)F symmetry, break also
the electroweak symmetry SU(2)L × U(1)Y down
to U(1)em. In other words, the EWSB is a conse-
quence of the flavor-symmetry breaking. The re-
sulting masses of W± and Z are thus expressed
in terms of the fermion masses (or more precisely,
in terms of the fermion self-energies). This means
that the electroweak scale is not genuinely inher-
ent in the g.f.d. model, rather it is given by the
top-quark mass.
In principle the ultimate test of the model is simple.
Compute its mass spectrum and compare it with the ob-
served one. Because the model has only one free pa-
rameter, the mass ratios should be uniquely given and
the model is either right or plainly wrong. In reality the
situation is anything but simple: (i) For asymptotically
free quantum field theories, which are strongly coupled
in the infrared, the reliable non-perturbative computa-
tions of the spectrum in the continuum are not avail-
able. (ii) Even though the model deals with the chiral
fermion fields which are experimentally observed, it is
not known how to put them on the lattice [27, 28]. (iii)
Experimental tests of asymptotic freedom in our model,
so famous in QCD [29], are disqualified by the enforced
extreme heaviness of the flavor-gluons: The flavor-gluon
interactions between leptons and quarks are effectively
extremely weak up to very high-momentum transfer.
We believe that the model should nevertheless mani-
fest itself experimentally at accessible energies without
knowledge of the spectrum, basically due to its rigidity.
It has a restricted form of the neutrino sector and is char-
acterized by definite global symmetries. The global sym-
metries being spontaneously broken manifest themselves
by a definite spectrum of composite scalars, (pseudo-
)Nambu–Goldstone (NG) bosons. We list both charac-
teristic properties of the model with the aim of suggesting
their experimental signatures.
The paper is organized as follows: In Sec. II we define
the model in terms of the fermion flavor representations
and the corresponding Lagrangian. In Sec. III we ana-
lyze the global symmetries with focus on their anoma-
lies. Sec. IV is devoted to the very argumentation in
favor of the assumed spontaneous breaking of the fla-
vor symmetry. In Sec. V we discuss generation of the
qL uR dR ℓL eR Aquarks AEW−leptons AνR
case I 3 3 3 3 3 −6 2 + 1 3
case II 3 3 3 3 3 −6 2− 1 5
TABLE I. The flavor representation settings for the cases I
and II, together with the sum of anomaly coefficients (A7) for
quarks Aquarks, for electroweakly charged leptons AEW−leptons
and for right-handed neutrinos AνR , which must sum up to
zero.
fermion masses, whose effect on EWSB and the W± and
Z boson masses is investigated in the subsequent Sec. VI.
In Sec. VII some experimental consequences, mainly the
spectrum of various (pseudo-)Nambu–Goldstone bosons,
are discussed. This is followed by comparison of the
present model with other models in Sec. VIII and we
conclude in Sec. IX.
II. THE LAGRANGIAN
A. Standard fermions
The fermion content consists, apart from the right-
handed neutrinos to be discussed subsequently, of the
experimentally established three electroweakly SU(2)L ×
U(1)Y and color SU(3)C identical families of the standard
chiral quark and lepton fields qiL = (uiL, diL)
T, uiR, diR,
ℓiL = (νiL, eiL)
T, eiR, with i = 1, 2, 3.
We gauge the flavor index i in such a way that for
different electric charges the corresponding mass matrices
(or, in our treatment, the proper self-energies) should
come out different. Therefore we put the chiral fermion
fields into SU(3)F triplet/antitriplet representations as
follows1(see also Tab. I):
(I) The choice of qL as a triplet (3) (i.e., both uL and
dL are triplets) is mere convention. Then, to distinguish
uR and dR we must set one to a triplet and the other
to an antitriplet. We choose without loss of generality
(uR, dR) = (3,3).
(II) It follows that ℓL cannot be a triplet. For if it were,
the charged lepton mass matrix would be equal either to
the u-type or the d-type quark mass matrix. Hence, ℓL
(i.e., both νL and eL) must be an antitriplet (3).
(III) It then follows that eR can be either triplet (3)
or antitriplet (3). We refer to the former possibility as
the case I and the latter as the case II.
B. Right-handed neutrinos
In order to account for the right-handed neutrinos, we
impose at this point two important quantum field theo-
retical restrictions:
1 Similar setting is used in [30].
3First, a gauge theory containing chiral fermion fields
must be free of gauge axial anomalies in order to be well
defined [31]. Simple inspection reveals that the present
model with the fermion content introduced so far is not.
To make it anomaly free we take the liberty of intro-
ducing the right-handed neutrino fields, the electroweak
and color singlets, in appropriate SU(3)F representations.
‘Minimal’ anomaly-free solutions in cases I or II amount
to introducing three or five right-handed neutrino flavor
triplets νsR, s = 1, 2, 3 or s = 1, . . . , 5, respectively. ‘Non-
minimal’ solutions also exist (see Appendix A).
Second, to have a chance to generate masses dynami-
cally the model must not be infrared stable at the origin
[10]. Therefore our model must stay asymptotically free,
what is fulfilled only for certain combinations of right-
handed neutrino flavor multiplets of rather lower number
and dimension.
There is only a limited number of physically viable
solutions fulfilling both restrictions (see Tab. III).
C. Minimal solution of case I
From now on we will consider for definiteness the mini-
mal solution of the case I, i.e., with eR being in triplet and
with three right-handed neutrino triplets νsR, s = 1, 2, 3.
The perturbative one-loop beta function then has the
form (A1),
β(h) = − h
3
16π2
[
11− 13N ew − 13NνR
]
, (1)
with N ew = 15 and NνR = 3, and h being the flavor
gauge coupling parameter. Hence, the model is asymp-
totically free at short distances and is perturbatively well
defined. In particular, the momentum dependent sliding
coupling h¯2(q2) at large momenta is
h¯2(q2)
4π
=
12π
(33−N ew −NνR) ln(q2/Λ2F)
. (2)
Clearly, ΛF, the energy scale where the flavor dynamics
becomes strongly coupled, is theoretically arbitrary and
should be fixed from an experiment.
To summarize, the dynamics which intends to replace
the Higgs sector of the SM is thus defined by the non-
vector-like Lagrangian
Lg.f.d. = q¯Li/DqL + u¯Ri/DuR + d¯Ri/DdR
+ℓ¯Li/DℓL + e¯Ri/DeR + ν¯
s
Ri/Dν
s
R −
1
4
FaµνF
µν
a .
(3)
Covariant derivatives Dµ = ∂µ + ihCµaTfL/R,a of
the respective fermions fL, fR contain either triplet
TfL/R,a(3) =
1
2λa or antitriplet TfL/R,a(3) = − 12λ∗a gen-
erators of SU(3)F according to the case I fermion as-
signment defined above. Summation is assumed over the
neutrino index s = 1, 2, 3. The Fµνa = ∂
µCνa − ∂νCµa +
hfabcC
µ
b C
ν
c is the SU(3)F flavor-gluon field strength ten-
sor.
Complete SU(2)L × U(1)Y × SU(3)C × SU(3)F gauge
invariant Lagrangian L of the world, including QCD and
electroweak interactions, is obtained from Lg.f.d. by gaug-
ing it with respect to SU(2)L × U(1)Y × SU(3)C in the
usual way. We keep the standard abbreviation: The elec-
troweak gauge dynamics is characterized by the coupling
constants g, g′ and by the field strength tensors Wµνa ,
Y µν , respectively; the QCD gauge dynamics is character-
ized by the coupling constant gs and by the field strength
tensor Gµνa .
III. GLOBAL SYMMETRIES
Apart from the gauge symmetries, the complete classi-
cal Lagrangian L possesses also a rich spectrum of global
symmetries.
First, the gauge symmetries do not distinguish among
the three new triplets of right-handed neutrinos νsR. It is
a new chiral global non-Abelian symmetry that rotates
them. We call it the sterility symmetry SU(3)S. Its cur-
rent is
Jµ,σS = ν¯
s
R
[
1
2λ
σ
]sr
γµ νrR , (4)
where index σ labels eight SU(3)S generators given by
the Gell-Mann matrices 12λ
σ.
Second, both the gauge and the global non-Abelian
symmetries tie together different chiral fermion fields and
leave the room for only six Abelian symmetries corre-
sponding to common phases of the fields ℓL, ν
s
R, eR,
qL, uR, dR. One combination of chiral currents de-
fines the gauged weak hypercharge with the convention
Y (ℓL, ν
s
R, eR, qL, uR, dR) = (−1, 0,−2, 13 , 43 ,− 23 ).
In analogy with the SM we define the remaining five
global Abelian symmetries
JµB =
1
3
[q¯Lγ
µqL + u¯Rγ
µuR + d¯Rγ
µdR] , (5a)
JµB5 =
1
3
[−q¯LγµqL + u¯RγµuR + d¯RγµdR] , (5b)
JµL = ℓ¯Lγ
µℓL + e¯Rγ
µeR , (5c)
JµL5 = −ℓ¯LγµℓL + e¯RγµeR , (5d)
JµS =
1
3
ν¯sRγ
µνsR . (5e)
In the following we compute the chiral anomalies of
the global chiral currents at one-loop to check the status
of the corresponding global symmetries at the quantum
level [32]. Straightforward computation of the underlying
anomalous triangles [33, 34] reveals that the non-Abelian
sterility symmetry SU(3)S is not anomalous, i.e.,
∂µJ
µ,σ
S = 0 . (6)
4On the other hand it results in nonzero anomalous diver-
gences of the five Abelian currents:
∂µJ
µ
B = 3
g′
2
8π2
Y Y˜ − 3 g
2
32π2
WW˜ , (7a)
∂µJ
µ
L = 3
g′
2
8π2
Y Y˜ − 3 g
2
32π2
WW˜ − h
2
32π2
FF˜ , (7b)
∂µJ
µ
B5
=
11
3
g′
2
8π2
Y Y˜ + 3
g2
32π2
WW˜ + 4
h2
32π2
FF˜
+4
g2s
32π2
GG˜ , (7c)
∂µJ
µ
L5
= 9
g′
2
8π2
Y Y˜ + 3
g2
32π2
WW˜ + 3
h2
32π2
FF˜ , (7d)
∂µJ
µ
S =
h2
32π2
FF˜ , (7e)
where for all field strength tensors X = Y,W,G, F their
duals are defined as X˜αβ =
1
2ǫαβρσX
ρσ.
Conclusions of this computation are standard:
(I) Out of five classically conserved currents only one
of their linear combinations corresponds to the true sym-
metry at quantum level. It is the current JµB−L−S, the
straightforward analog of the SM current JµB−LSM , since
the extended lepton number L+S has the same anomaly
as the SM lepton number LSM.
(II) The baryon number current JµB is the only global
current that will not be affected by the dynamical sym-
metry breaking. Nevertheless, like in the SM, it is broken
by the anomaly. Because the anomaly is given merely by
the electroweak dynamics, it is negligible and the baryon
number B is a rather good approximate symmetry [35].
Due to the electroweak anomaly, the baryon phase trans-
formation rotates the SU(2)L weak CP violating θ-term
out of the Lagrangian, and thus makes the corresponding
parameter unobservable [36, 37].
(III) Out of the remaining currents another linear com-
bination can be constructed, which corresponds again
to rather good symmetry, broken only by electroweak
anomaly. Example of such a current is JµL5+3L.
(IV) The current broken by the QCD anomaly does
not correspond to any symmetry at all as the effect of the
strong and topologically non-trivial QCD dynamics is not
negligible. However phenomenologically, its presence is
welcome as it provides the Peccei–Quinn transformation
[38]. Example of such a current is JµB5−4S.
(V) The anomaly given by g.f.d. breaks heavily the
remaining symmetry corresponding to the current, e.g.,
JµS .
Important question to ask is what happens to the
global Abelian symmetry or to the ‘would-be’ symmetries
when nonzero fermion masses are spontaneously gener-
ated. We answer it in Sec. VII.
IV. FLAVOR SYMMETRY SELF-BREAKING
The flavor symmetry is not a property of the fermion
mass spectrum, therefore it has to be dynamically bro-
ken. We do not introduce any other dynamics in order to
provide the breaking, but we assume that the g.f.d. self-
breaks [39]. In this section we first present some general
aspects of such symmetry breakdown and introduce this
way also the notation to be used in the following sec-
tions. Then we give some more physical view of the way
the flavor symmetry is assumed to be broken.
A. Masses as order parameters
At the Lagrangian level the masslessness of fermion
fields is perturbatively protected by chiral symmetries,
the flavor and electroweak symmetries in particular. The
masslessness of gauge fields is protected by the gauge
nature of the symmetries. Massless fields can, however,
excite massive particles, if the protective symmetries are
spontaneously broken.
1. Fermions
Massless fermion fields excite massive fermions if the
ground state is not invariant under independent rotations
of their left-handed and right-handed components [8].
Operationally this manifests by nonzero chirality-
changing parts Σf of the full propagators iSf = 〈f f¯〉,
f = n, e, u, d. The field f is for the charged fermions
defined in terms of the original chiral fields simply as
f ≡ fL + fR (f = u, d, e) , (8)
whereas for neutrinos it is more convenient to make use
of fermion charge conjugation and to define the Nambu–
Gorkov doublet
n ≡


νL + (νL)
c
ν1R + (ν
1
R)
c
ν2R + (ν
2
R)
c
ν3R + (ν
3
R)
c

 . (9)
The corresponding propagators Sf are considered for the
sake of simplicity of the special form [40]
S−1f (p) = /p−Σf (p2) , (10)
with
Σf = ΣfPL +Σ
†
fPR (11)
and PL,R =
1
2 (1 ∓ γ5). Notice that Σf are in principle
arbitrary complex p2-dependent matrices of the dimen-
sion 3× 3 for charged fermions and 12× 12 for neutrinos.
5Moreover, the neutrino matrix Σn is symmetric. The
inverse of (10) is explicitly given by
Sf (p) = (/p+Σ
†
f )(p
2 − ΣfΣ†f )−1PL
+(/p+Σf )(p
2 − Σ†fΣf )−1PR . (12)
The fermion mass spectrum is then given by the poles
of the full propagator (12), i.e., by the solutions of the
equation
det
[
p2 − Σf (p2)Σ†f (p2)
]
= 0 . (13)
Breaking of the SU(3)F symmetry by the fermion self-
energies can be written compactly as
ΣfTf,a − T¯f,aΣf 6= 0 , (14)
where the SU(3)F generators Tf,a in the bases (8), (9)
are given as
Tf,a ≡ TfL,aPL + TfR,aPR (f = u, d, e) , (15)
Tn,a ≡


TνL,a 0 0 0
0 −TT
ν1R,a
0 0
0 0 −TT
ν2R,a
0
0 0 0 −TT
ν3R,a

PL
+


−TTνL,a 0 0 0
0 Tν1R,a 0 0
0 0 Tν2R,a 0
0 0 0 Tν3R,a

PR (16)
and where T¯f,a ≡ γ0Tf,aγ0.
For the sake of later references we introduce the
SU(3)F generators also for the electroweak doublets
DL = qL, ℓL. Taking into account their general structure
DL = (UL, DL)T (with UL = uL, νL and DL = dL, eL)
and TUL,a = TDL,a, we find
TDL,a =
(
1 0
0 1
)
TUL,a =
(
1 0
0 1
)
TDL,a , (17)
with the unit matrix operating in the electroweak doublet
space.
2. Flavor-gluons
Massless gauge fields excite massive vector particles if
the ground state is not invariant under global symmetry
underlying the gauge one [1]. The longitudinal polariza-
tion state of such a massive vector particle emerges as
the ‘would-be’ NG boson of the broken symmetry. Oper-
ationally it manifests by massless pole in the transverse
polarization tensor
Πµνab (q) ≡ (q2gµν − qµqν)Πab(q2) , (18)
i.e., by the Πab of the form
Πab(q
2) =
1
q2
M2ab(q
2) , (19)
fL
fRfL
fRfL
Cµa C
ν
b C
µ
a C
ν
b
=
=
fR fL fLfRfR
FIG. 1. Mutual interactions of the flavor-gluons and
the fermions, giving rise to the SU(3)F symmetry-breaking
fermion self-energies Σf and flavor-gluon polarization tensor
Πµνab . Contributions of the pure gauge diagrams are omitted
in the second line. The black and grey blobs stand for the full
and 1PI propagators, respectively.
whereM2ab(q
2) is a momentum-dependent symmetric 8×
8 matrix, regular at q2 = 0. Massiveness of the flavor-
gluons is then visible from their full propagator i∆µνab =〈CµaCνb 〉, having the form
∆µνab (q) = −
1
q2
(
gµν − q
µqν
q2
)[(
1−Π(q2))−1]
ab
(20)
in the Landau gauge. Poles of this full propagator ∆µνab
are given by the equation
det
[
q2 −M2(q2)] = 0 , (21)
solutions of which define the flavor-gluon mass spectrum.
The flavor-gluon polarization tensor Πab breaks the
SU(3)F symmetry once
[Ta,Π] 6= 0 , (22)
where Ta are the SU(3)F generators in the adjoint rep-
resentation and Π is the polarization tensor with sup-
pressed indices.
*
The symmetry-breaking Σs and flavor-gluon Π are thus
the basic lowest-dimensional order parameters.
The lesson learned from QCD is that the global SU(3)F
symmetry can hardly be broken by the underlying gauge
dynamics, without (non-vector-like) fermions [41, 42].
Thus, in order to generate non-vanishing order param-
eters (i.e., in our case the flavor symmetry-breaking
fermion and flavor-gluon propagators) mutual interac-
tions of both the fermions and the gauge bosons have to
be taken into account. In physical terms the dynamical
flavor-gluon mass generation means [39, 43, 44] that the
flavor-gluon exchanges between themselves and between
the fermions (including neutrinos) of both chiralities self-
consistently provide strong attraction necessary for the
formation of eight ‘would-be’ NG bosons composed both
from the flavor-gluons and the fermions. They express
6themselves as the above discussed massless pole of the
flavor-gluon polarization tensor. Schematically and most
straightforwardly, one can imagine for that purpose the
diagrams depicted in Fig. 1. They are subset of the full
tower of integral Schwinger–Dyson (SD) equations for all
Green’s functions of the theory, truncated in our case at
the level of three-point functions.
B. Physical view
The more formal approach based on the SD equations
will be utilized to some extend in the following sections.
It has, however, the disadvantage of giving little phys-
ical insight on what is actually going on in the course
of the flavor symmetry breaking. Let us now spend few
words on this issue, without going too much into detail.
Technically the simplest physical description of the flavor
symmetry breaking in the g.f.d. model, used in a similar
context also in [24], can be pursued along the following
line:
In the pure SU(3) gauge dynamics it is conceivable that
one common gauge boson mass parameter appears. It
accompanies the massless pole in the gauge boson proper
self-energy [44, 45] which is a result of a strong coupling.
In the g.f.d. model it can be effectively described by the
mass term
M20CaµC
µ
a (23)
leaving the global SU(3)F unbroken.
Massive flavor-gluon exchanges between left- and right-
handed fermion fields in triplets and antitriplets yield
effective four-fermion interactions
Lf4 =
h2
M20
jµa jaµ , (24)
where the electroweakly invariant current reads
jµa =
∑
DL
D¯LγµTDL,aDL +
∑
fR
f¯Rγ
µTfR,afR . (25)
The sums run over the left-handed doublets DL = qL, ℓL
and the right-handed singlets fR = uR, dR, eR, ν
s
R.
1. Dirac masses
The four-fermion interactions, upon Fierz rearrange-
ments into the form (D¯LfR)(f¯RDL), provide attractive
channels inducing the formation of effective composite
Higgs fields which are electroweak doublets and color
singlets. The effective Higgs fields are interpolated by
fermion field bilinears
Φ(u) ∝ u¯RqL , (26)
Φ
(d)
A ∝ d¯RTAqL , (27)
Φ
(e)
A ∝ e¯RTAℓL , (28)
Φ
(ν)s
A ∝ ν¯sRTAℓL , (29)
where the index A = 2, 5, 7 labels the anti-symmetric
generators and indicates the flavor triplet representation.
The vacuum expectation values of their electrically neu-
tral components are related to the fermion condensates
as
〈Φf 〉 = 1
M20
〈f¯RfL〉 (30)
and they result from a minimization of effective poten-
tial for the Higgs fields V (Φ) which is induced by the
strong g.f.d. We do not specify here the potential. The
four-fermion interactions after the introduction of effec-
tive Higgs fields yield the Yukawa interactions [46–49].
LYukawaDirac = −8h2Φ(u)†u¯RqL −
8
3
h2Φ
(d)†
A d¯RTAqL (31)
−8
3
h2Φ
(e)†
A e¯RTAℓL −
8
3
h2Φ
(ν)s†
A ν¯
s
RTAℓL + h.c.
After the Higgs condensation Dirac masses for fermions
are generated. Analogously the four-fermion interactions
yield mass terms for the effective Higgs fields.
LΦ†Φ = −8h2M20Φ(u)†Φ(u) −
8
3
h2M20
∑
f=d,e,ν
Φ
(f)†
A Φ
(f)
A ,
(32)
where we suppressed summation over electroweak and
sterility indices.
2. Majorana masses
For neutrinos there are moreover channels of the form
(f¯Cf¯T)(fTCf), where C is the matrix of charge con-
jugation, providing their Majorana masses. Introducing
effective composite Higgs fields for the attractive Majo-
rana channels
Υ
(ν)
A ∝ ℓ¯LTACℓ¯TL , (33)
Υ
(ν)sr
A ∝ ν¯sRTACν¯rTR , (34)
the former Υ Higgs field is flavor and electroweak triplet,
while the latter are flavor triplets and electroweak sin-
glets. The relevant Yukawa interactions and Higgs field
mass terms are
LYukawaMajorana = −
8
3
h2νTLΥ
(ν)
A TACνL
−8
3
h2Υ
(ν)sr
A ν
rT
R TACν
s
R + h.c. (35)
LΥΥ = −8
3
h2M20Υ
(ν)
A Υ
(ν)
A −
8
3
h2M20Υ
(ν)sr
A Υ
(ν)sr
A .
(36)
*
The number of vacuum expectation values of compos-
ite triplet Higgs fields 〈ΦA〉 and 〈ΥA〉 is more than suffi-
cient to break the gauge SU(3)F symmetry completely.
7Three linear combinations of components of the elec-
troweak doublets ΦA are the ‘would-be’ NG bosons, the
longitudinal components of massive electroweak bosons.
Presumably the mass M0 is of the order of ΛF. The
vacuum expectation value 〈Φ(u)〉 provides the magnitude
of the top-guark mass, and thus the electroweak scale
ΛEW. The global flavor symmetry does not protect small-
ness of neither M0 nor 〈Φ(u)〉. The phenomenologically
necessary smallness of ratio
ΛEW
ΛF
≈ 〈Φ
(u)〉
M0
≪ 1 (37)
has to result from the critical scaling. The situation is
different for the other mass parameters. On top of their
suppression by the critical scaling there is also the global
SU(3)F which protects their smallness. From this point
of view the non-vector-like presence of fermions is indis-
pensable for the g.f.d. self-breaking scenario.
C. Effective flavor charge
At asymptotically large momenta where the flavor
symmetry is not broken and the g.f.d. is in perturba-
tive re´gime, the flavor-gluon self-energy has the form
Πab = δabΠpert., and the effective momentum-dependent
coupling constant is defined as [44]
h¯2ab(q
2)
q2
= δab
h2
q2
(
1−Πpert.(q2)
) . (38)
That is, the behavior of h¯2ab(q
2)/(4π) is perturbative and
has the form (2). This is important for knowing how
the solutions Σ of the SD equations go to zero at high
momenta [50]:
Σ(p2)→ 1
p2
lnγ−1(p2/Λ2F) , (39)
where γ = 12/(33−N ew −NνR).
The fermion masses are, however, determined by the
behavior of Σs at low momenta, at which h¯2ab(q
2) is ex-
pected large and is entirely unknown. Important is the
following: Using of the low-momentum Π, (19), in (38)
yields correctly the massive flavor-gluon propagator, but
erroneous (vanishing) h¯2ab(q
2) [44] at low momenta. Con-
sequently, the formula (38) should be modified. Physi-
cally this is not surprising. At low momenta the strongly
coupled g.f.d. is expected to produce bound states, and if
some of them effectively interact with the elementary ex-
citations, i.e., with leptons, quarks and flavor-gluons (as,
e.g., the ‘would-be’ NG bosons indeed do, see Sec. IVB),
the low-momentum h¯2ab(q
2) does not reduce to the sum-
mation of a geometric series of the type (38).
In asking about the massiveness or masslessness of a
theory we are essentially asking about the infrared be-
havior of the propagators. It is then natural to employ
the renormalization group [10]. Such an analysis implies
[10, 51]: (i) Theories with an infrared stable origin do
not generate masses dynamically. (ii) Theories with a
nontrivial infrared fixed point are the candidates. (iii)
For dynamical appearance of a nontrivial mass pole the
canonical dimension of the corresponding field f has to
be canceled by large anomalous dimension γf (h∗) at the
nontrivial infrared fixed point h∗.
To proceed we make the low-momentum Ansatz for
h¯2ab(q
2) which explicitly gives the nontrivial infrared fixed
point and has certain phenomenological appeal. Consider
the identity
h2
q2
=
h2
q2
[(
1−Π(q2))−1 − Π(q2)(1−Π(q2))−1] . (40)
Our suggestion is to use the first term in square brack-
ets with its corresponding Π for high momenta (as we
did), and the second term with its corresponding Π, (19),
for the low momenta. This results in the formula for
the low-momentum h¯2ab(q
2) going at q2 = 0 to the non-
perturbative fixed point h2∗:
h¯2ab(q
2) = h2∗
[
−Π(q2)(1−Π(q2))−1]
ab
. (41)
The fermion self-energies Σ differ in different channels by
the low-momentum flavor-sensitive interaction strengths
(41), basically due to the low-momentum symmetry
breaking flavor-gluon self-energy. It is noteworthy that
the way to the infrared fixed point h∗ is matrix-fold.
For demonstration of the fixed point we ignore the ma-
trix character of the problem, replace in (41)M2ab byM
2
and compute the corresponding beta function around the
non-perturbative fixed point h∗:
β(h¯) ≡ 2 dh¯
d ln(−q2/M2) =
1
h2∗
h¯(h¯2 − h2∗) . (42)
V. FERMION MASS GENERATION
The charged fermion mass mf , f = e, u, d, or, in
general, its chirality-changing proper self-energy Σf is
a bridge between the right- and the left-handed field:
f¯RmffL or, in general, f¯RΣffL. This is possible here, be-
cause the flavor-gluons interact both with right- and left-
handed fermion fields. Moreover, due to the representa-
tion assignments fixed in Sec. II the self-energies (and
hence mass matrices) of fermions with different electric
charges are expected to be different: e¯R(3)Σe eL(3) 6=
u¯R(3)Σu uL(3) 6= d¯R(3)Σd dL(3). The matrix SD ‘gap’
equation for Σf thus takes the form (see Fig. 1)
Σf (p
2) = −3i
∫
d4k
(4π)4
h¯2ab(k
2)
k2
×TfR,a Σf (ℓ2)
[
ℓ2 − Σ†f (ℓ2)Σf (ℓ2)
]−1
TfL,b ,
(43)
where ℓ ≡ p− k. It is common in the fermion SD equa-
tions to use the transverse gauge in which the fermion
wave function renormalization can be ignored.
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real world, has the following properties:
• It has eigenvalues appropriate to the charged
fermion mass spectrum.
• Its conceivable complex structure embeds the CP
violating phases, and in case of quarks it reproduces
the CKM matrix [40].
• Moreover, it breaks spontaneously the axial global
symmetries U(1)B5 and U(1)L5 , giving rise to com-
posite NG excitations, which we discuss in Sec. VII.
Analogous SD equation can be written for the neutrino
self-energy Σn, which we deliberately express in the block
form
Σn =
(
ΣL ΣD
ΣTD ΣR
)
, (44)
where ΣL and ΣR are symmetric matrices of dimensions
3× 3 and 9× 9, respectively. While the block ΣD in the
decomposition (44) corresponds to the Dirac mass term
ν¯sR Σ
s
D νL, analogous to those of the charged fermions, the
blocks ΣL and ΣR correspond to Majorana mass terms
ν¯L ΣL (νL)
c and ν¯sR Σ
sr
R (ν
r
R)
c, respectively. The point is
that the form of the neutrino SD equation imply, due
to specific assignment of neutrinos in the SU(3)F rep-
resentations, non-vanishing ΣL, ΣR and accordingly the
Majorana character of the resulting neutrino mass eigen-
states.
Assume that the general solution Σn exists, has no ac-
cidental symmetries and is phenomenologically accept-
able. The emergent picture of the neutrino sector is the
following:
• Upon diagonalization [52] Σn = Unmn UTn , where
Un is a unitary matrix, we obtain twelve massive
Majorana neutrinos with masses given by the ele-
ments of the diagonal non-negative matrix mn.
• Three left-handed neutrino fields entering the elec-
troweak currents are their linear combinations.
Consequently, the mixing matrix in the effective
three-neutrino world is not unitary.
• The lepton number and the sterility symmetry are
by assumption spontaneously broken according to
U(1)B−L−S ×U(1)B+L+S ×U(1)S × SU(3)S
−→ U(1)B , (45)
resulting in one standard massless majoron, and
1 + 8 neutrino composite scalars, so called sterile
majorons, discussed in Sec. VII.
A. Hierarchy of mass scales
Literally, the model has the only mass scale ΛF enter-
ing the perturbative formula (2). It is theoretically arbi-
trary and should be fixed from one experimental datum
characterizing the onset of the strong coupling re´gime,
say, of spontaneous chiral symmetry breaking.
Ultimately, masses of all physical excitations, both el-
ementary and composite, are the calculable multiples of
this scale. Their description deals, however, with matrix
momentum-dependent proper self-energies of elementary
gauge and fermion fields. Therefore, there is not a direct
way to determination of the gauge boson and fermion
masses from them.
Nevertheless, because of the low-momentum character
of masses governed by the non-perturbative infrared fixed
point and because of non-analytic dependence of masses
upon the matrix low-momentum coupling we think the
huge amplification of scales is conceivable [25].
Just for the sake of illustrating this assertion, we use
the simplified form of the effective charge h¯2(k2) =
h2∗/(1−k2/M2) in (43) for all momenta, and replace the
Wick-rotated fermion momentum-dependent matrix self-
energies Σ(k2) by a simple momentum-dependent non-
matrix Ansatz
Σ(k2)→ σ(k2) = (a+ b)m
3
ak2 + bm2
, (46)
with reasonably chosen parameters a, b ≥ 0. Notice that
the Ansatz satisfies σ(m2) = m.
If we set a = 0 then the σ = m is a constant and the SD
equation (43) with vanishing external momentum p2 = 0
turns into the algebraic equation
m =
h2∗
16π2
∫ ∞
0
dk2
M2
k2 +M2
m
k2 +m2
=
mM2
M2 −m2 log
M2
m2
, (47)
which has within the approximation m
2
M2 ≪ 1 the solution
of form [53]
m =M exp[−8π2/h2∗] , (48)
exhibiting the appealing exponential critical scaling, but
lacking the existence of nonzero critical constant.
The nonzero critical constant occurs as a result of the
self-energy UV damping encountered in the Ansatz once
a 6= 0. The analytic form of the corresponding algebraic
SD equation is much more complex, therefore we write it
in a not-fully explicit form and again only for vanishing
external momentum. We trade the integration variable
k2 for dimensionless one x, k2 → M2x, allowing to ex-
press the SD equation with the general Ansatz (46) in
terms of dimensionless parameter ǫ ≡ m2M2 as
m = m
h2∗
16π2
∫ ∞
0
dx
bǫ(ax+ bǫ)
(1 + x) (x(ax + bǫ) + ǫ3(a+ b)2)
= m
h2∗
16π2
[A(a, b) + ǫB(ǫ, a, b)] , (49)
9where A(a, b) is an ǫ-independent constant and B(ǫ, a, b)
is a function of ǫ regular in origin. From the integral, it
is easy to see that the expression in square brackets is
positive for ǫ > 0. Further it is a decreasing function of
ǫ. Near origin the equation has an approximate solution
ǫ ≈ 16π
2
|B(0, a, b)|
(
1
h2c
− 1
h2∗
)
, (50)
where hc is given as
hc =
√
16π2
A(a, b)
(51)
and it is obviously the critical coupling constant because
the solution exists only for h > hc.
The critical scaling (50) allows arbitrarily small
fermion masses, ǫ → 0, at the price of fine-tuning h∗ to
be extremely close to hc. This fine-tuning is much weaker
for the exponential critical scaling (48) which, neverthe-
less, lacks the critical coupling constant. We believe that
the ultimate critical scaling is a combination of both be-
haviors illustrated above, e.g., it is of Miransky-type oc-
curring in conformal phase transition [25, 26], which is
exponential and exhibits at the same time the non-zero
critical scaling. The two critical scalings obtained here
are simply too rough to exhibit the both features simul-
taneously.
To demonstrate the critical amplification we assume
the Miransky scaling [26]
m =Me−4π/
√
h2∗−h
2
c . (52)
With M = 103TeV the ‘neutrino’ mass mν = 1 eV is
obtained for ∆h2ν/4π = 4π/225(ln10)
2 .= 0.01, and the
mass of the ‘top’ quark mt = 10
2GeV is obtained for
∆h2t/4π = 4π/16(ln 10)
2 .= 0.15. ∆h2 = h2∗ − h2c gives
the distance of critical value for a given channel from the
fixed point.
*
As an example of the predictive power of the model
even without the necessity of solving the SD equations
we mention the relation
Σe(p
2) = Σ†d(p
2) , (53)
following directly from (43). It states that the mass spec-
tra of the charged leptons and the down-type quarks
should be the same. Indeed [54], the muon and
the strange quark are almost equally heavy (mµ
.
=
105.7MeV, ms
.
= 101MeV). However, for other par-
ticles, especially for the electron, which is roughly ten
times lighter than the down quark (me
.
= 0.51MeV,
md
.
= 4.1 − 5.8MeV), the relation (53) does not work
too well. This is however understandable, since the SD
equation (43) itself, and consequently also the relation
(53), as neglecting, e.g., the fermion wave function renor-
malizations and the color charge of the quarks, is only
approximate.
Due to the special character of neutrinos (higher num-
ber of their right-handed components and Majorana com-
ponents of their self-energy) there is no similar relation
connecting Σn and Σu.
VI. ELECTROWEAK SYMMETRY BREAKING
Once the SU(3)F symmetry is spontaneously broken
the fermion self-energies inevitably break also the elec-
troweak symmetry SU(2)L ×U(1)Y down to the electro-
magnetic U(1)em. One expects the gauge bosons W
±,
Z to obtain masses proportional to the fermion self-
energies.
This section is devoted to mere presentation of the re-
sulting masses without detailed derivation, as the basic
reasoning is rather standard [9, 45, 55]: The gauge boson
mass matrix is obtained as the residue of the massless
pole of the corresponding polarization tensor, which is
calculated at one-loop level. While one of the two ver-
tices in the loop is bare, the other must satisfy the WT
identity, consistent with the fermion symmetry-breaking
propagators, so that the polarization tensor is transver-
sal. As a ‘side-effect’ of imposing the WT identity the
vertex will contain a massless pole, proportional to the
symmetry-breaking fermion self-energies. This pole is to
be interpreted as the propagator of the ‘would-be’ NG
boson, giving mass to the corresponding gauge boson.
The resulting gauge boson masses squared can be writ-
ten in form of the sum rules as
M2Z = (g
2 + g′2)(µ2u + µ
2
d + µ
2
ν + µ
2
e) , (54a)
M2W = g
2(µ2q + µ
2
ℓ) , (54b)
with the individual contributions given by (the argu-
ments p2 at the Σs are suppressed)
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µ2f=u,d,e = −i
1
2
∫
d4p
(2π)4
Tr
{
Σ†fΣf a
2
f −
1
2
p2
(
Σ†fΣf
)′
a2f
}
, (55a)
µ2ν = −i
1
2
∫
d4p
(2π)4
Tr
{(
PPTΣ†nΣn +Σ
†
n PP
TΣn
)
an PP
T an − 1
2
p2
(
Σ†nΣn PP
T +Σ†n PP
TΣn
)′
an PP
T an
+
1
2
p2
(
PPTΣ†nΣn − Σ†n PPTΣn
)
an PP
T a′n
}
, (55b)
µ2q = −i
1
2
∫
d4p
(2π)4
Tr
{ [
auΣ
†
uΣu ad + ad Σ
†
dΣd au
]
− 1
2
p2
[
au
(
Σ†uΣu
)′
ad + ad
(
Σ†dΣd
)′
au
]
+
1
2
p2
[
auΣ
†
uΣu a
′
d + adΣ
†
dΣd a
′
u
]
− 1
2
p2
[
a′uΣ
†
uΣu ad + a
′
dΣ
†
dΣd au
]}
, (55c)
µ2ℓ = −i
1
2
∫
d4p
(2π)4
Tr
{ [
anΣ
†
nΣn P ae P
T + ae Σ
†
eΣe P
T an P
]
− 1
2
p2
[
an
(
Σ†nΣn
)′
P ae P
T + ae
(
Σ†eΣe
)′
PT an P
]
+
1
2
p2
[
anΣ
†
nΣn P a
′
e P
T + aeΣ
†
eΣe P
T a′n P
]
− 1
2
p2
[
a′nΣ
†
nΣn P ae P
T + a′eΣ
†
eΣe P
T an P
]}
, (55d)
where the prime denotes the differentiation with respect
to p2 and where we denoted (f = u, d, n, e)
af ≡
(
p2 − Σ†fΣf
)−1
(56)
and
P ≡
(
13×3
09×9
)
. (57)
The roˆle of the projector P is to ensure that the right-
handed neutrinos contribute to the W±, Z masses only
indirectly, through the mixing with the left-handed ones,
i.e., through the ‘denominator’ an of the full neutrino
propagator.
Notice that while the W±, Z masses are calculated
non-perturbatively within the g.f.d. (through the non-
perturbative fermion self-energies), they are also at the
same time calculated perturbatively within the elec-
troweak dynamics (they actually are of the lowest possi-
ble, i.e., second order in g, g′).
The formulæ similar to those (55a), (55c) for µ2f=u,e,d,
µ2q have been already presented in the literature [48] as
a straightforward generalization of the Pagels–Stokar re-
sult [56]. The present formulæ, however, differs from
those in [48] by the factor at the terms proportional to
(Σ†Σ)′: While here we have the factor of 1/2, in Ref. [48]
there is rather 1/4. As this problem is more general and
does not apply only to the present particular model of
g.f.d., a separate paper is to be published on this issue.
The relation ρ ≡ M2W /M2Z cos2 θW = 1 is not guaran-
teed automatically. It would be certainly satisfied (as can
be seen by inspection of the sum rules (54) together with
the terms (55)) in the case of the exact custodial symme-
try, i.e., when Σu = Σd, ΣD = Σe and ΣL = ΣR = 0 (pro-
vided, of course, that the numbers of the right-handed
and left-handed neutrinos would be the same). This is
obviously not true in the present model. Still, however,
the relation ρ = 1 can be fulfilled at least approximately,
as only Higgs doublets enter the effective Lagrangian in-
troduced in Sec. IVB [57]. We obtain this way an addi-
tional possibility how to, in principle, test the model.
VII. EXPERIMENTAL CONSEQUENCES
In this section we list the generic phenomena which
the model predicts regardless of details of the spectrum
of its elementary excitations (fermions and gauge bosons)
which we are not able to reliably compute anyway. De-
tailed discussion of the relevance of these phenomena to
reality is postponed to future work.
A. Scalars from spontaneously broken global
symmetries
The model has six global symmetry currents defined
in Sec. II. At quantum level two global symmetries
U(1)B−(L+S) and SU(3)S are exact. The remaining four
global Abelian symmetries are explicitly broken by four
distinct (electroweak, QCD and g.f.d.) anomalies.
Assume that the most general chirality-changing
fermion proper self-energies of all fermion fields,
Σu , Σd , Σn =
(
ΣL ΣD
ΣTD ΣR
)
, Σe , (58)
introduced in Sec. IVA1, are dynamically generated.
I.e., no additional selection rule is at work. As a result
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different symmetries generated by charges of the corre-
sponding currents are spontaneously broken by different
self-energies differently:
B is not broken,
B5 is broken by Σu , Σd ,
L is broken by ΣL , ΣD ,
L5 is broken by Σe , ΣL , ΣD ,
S is broken by ΣR , ΣD ,
SU(3)S is broken by ΣR , ΣD .
(59)
It is then irrefutable that five types of the (pseudo-)
NG collective excitations emerge in the spectrum of the
model.
Due to the anomalies it is not easy to link the scalars
with given spontaneously broken currents. Therefore it is
not easy to say what physical characteristics, like mass,
the scalars will have. The structure of anomalies trans-
lates into a mass matrix of the scalars, and only after the
diagonalization of the mass matrix, the mass spectrum of
the scalars and their couplings to currents are revealed.
We believe that the mass spectrum reflects the hierar-
chy of scales that are given by dynamics of individual
anomalies.
In the following we merely list the scalars. More com-
prehensive discussion of this important issue will be pre-
sented in separate paper.
1. Massless Abelian Majoron J
The exact, anomaly free Abelian symmetry
U(1)B−(L+S) is spontaneously broken by Σn. It
gives rise to the massless composite Abelian Majoron J
[58, 59],
mJ = 0 . (60)
Its coupling to the observed fermions is heavily sup-
pressed by the scale where the neutrino self-energy Σn
is generated and the corresponding symmetry is broken.
At the present exploratory level, we identify the scale
with ΛF.
2. Octet of massless Majorons Jσ
By assumption the exact global non-Abelian SU(3)S
sterility symmetry is completely spontaneously broken
by ΣD, and ΣR. It gives rise to an octet of massless
composite Majorons Jσ, σ = 1, . . . , 8:
mJσ = 0 . (61)
Their coupling to the observed fermions is even more
suppressed because they are predominantly an admixture
of the sterile neutrinos. Moreover, we stress the fact [60]
that massless Majorons do not imply a new long-range
force as the induced potential between two fermions is
spin-dependent and tensorial, with a 1/r3 fall off [35].
3. Light leptonic axion a′
The current L5 + 3L is a typical linear combination
of symmetry currents whose divergence is dominated by
electroweak anomalies. Spontaneous breakdown of such a
‘would-be’, still rather good, symmetry by lepton masses
implies an almost massless superlight composite pseudo-
NG boson, known in the literature as the leptonic axion
or arion a′ [61]. Its tiny mass estimate is [62]
ma′ ≈ e−
4pi2
g2 MW ≈ 10−42MW , (62)
where we used value [54] of the weak coupling constant
g
.
= 0.653.
4. Light Weinberg-Wilczek axion a
The currents B5 − 4S or B5 − (L5 − L) are the typi-
cal linear combinations of symmetry currents whose di-
vergences are dominated by the QCD anomaly. Conse-
quently, their corresponding charges are the natural can-
didates for the generators of the Peccei–Quinn symmetry
[38]. Spontaneous breakdown of this ‘would-be’ symme-
try by the fermion (both quark and lepton) proper self-
energies implies the Weinberg–Wilczek axion a [63, 64].
Due to its compositeness caused by the flavor dynamics
the axion is invisible with mass [65]
ma ≈ mπfπ
ΛF
. (63)
At this point we in fact fix the scale ΛF: The mass esti-
mate (63) together with the invisibility of the axion imply
stringent restriction ΛF ∼ 109 − 1012GeV [66]. Such a
high scale guarantees that the axion is light enough, and
it interacts with fermions weakly enough so that it could
not have been observed so far.
The QCD anomaly induces direct vertex of the axion
a with gluons
Lagg ∝ g
2
s
32π2
a
ΛF
GG˜ , (64)
necessary to eliminate the QCD θ-term via the Peccei–
Quinn mechanism [38].
5. Superheavy Majoron H
Consider a linear combination of the currents L, L5
and S whose divergences are dominated by the strong
g.f.d. anomaly. Spontaneous breakdown of such a ‘would-
be’ symmetry by lepton masses implies yet another col-
lective excitation, the superheavy sterile majoron H .
The majoron H acquires huge mass due to the strong
flavor axial anomaly. Its mass can be estimated according
to the η′ mass analysis in QCD [67, 68] as
mH ≈ ΛF . (65)
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The anomalous coupling of H to the flavor gauge
bosons is given as
LHCC ∝ h
2
32π2
H
ΛF
FF˜ . (66)
Due to this interaction the g.f.d. θ-term is eliminated via
the Peccei–Quinn mechanism [38].
The superheavy sterile majoron H , composed predom-
inantly of the right-handed neutrinos, evokes the cosmo-
logical inflation scenario driven by right-handed neutrino
condensate [69, 70].
B. Sterile right-handed neutrino fields
Sterile neutrinos were introduced for purely theoreti-
cal reason of anomaly freedom. Predicting the neutrino
spectrum is an unsolved, hard, challenging dynamical
problem. Here we only mention that the sterile neutri-
nos with masses in the keV range become increasingly
phenomenologically welcome as the candidates for dark
matter [71–73].
VIII. COMPARISON WITH OTHER MODELS
Before we conclude we want to demarcate the
g.f.d. model against other similar models (especially the
ETC models). It is worth stating here clearly which of its
ingredients have been already used elsewhere and which
are new. Let us start with the former ones:
• The very idea of gauging the flavor is of course not
new [17–24] and is inherent also in the ETC models.
Common feature of all such models, embedding the
observed fermions into the complex flavor represen-
tations, is the necessity to compensate their gauge
anomaly by postulating the existence of new fields,
most simply electroweak singlet fermions, the right-
handed neutrinos.
• The specific SU(3)F representation assignment of
chiral fermions, employed within the g.f.d. model,
was used already in certain ETC models [30], with
the same aim to distinguish among the magnitudes
of masses of fermion with different electric charges.
• The self-breaking gauge dynamics was studied by
Eichten and Feinberg [39], pursued further by
Pagels [53] and used in tumbling models [74, 75]
and in some ETC models [76].
• In the g.f.d. model, in contrast to ETC models,
there is no residual confining gauge dynamics re-
sponsible for EWSB by means of generating tech-
nifermion condensates in the QCD manner. It is di-
rectly the standard fermion masses, top-quark mass
in particular, which plays the roˆle of technifermion
EWSB condensate. The g.f.d. model resembles in
this respect the top-quark condensate models [48].
• Already Pagels [53] attempted to demonstrate
that the arbitrarily small fermion masses can be
achieved within the models of chiral gauge sym-
metry breaking. The infrared effective coupling
constant of g.f.d. has to be found above but close
enough to its critical value. The amplification of
scales within, e.g., walking ETC models is caused
by significant slow-down of the effective coupling
constant evolution due to the proximity of the
‘would-be’ infrared fixed point after it surpasses its
critical value [77].
The g.f.d. model brings the fusion of these appealing
quantum field theoretical features by encompassing them
naturally within the rigid framework and arranging them
in a distinctive and individual way:
• First of all, the g.f.d. model is economical in the
sense that it introduces only the octet of flavor-
gluons and a limited number of right-handed neu-
trinos. The only new tunable free parameter is the
SU(3)F coupling constant.
• The g.f.d. model can be viewed as a UV complete
dynamics that makes the top-quark and eventually
other fermions to condense. In contrast to the top-
quark condensate models, however, the g.f.d. mass
generation is not governed by an UV fixed point
(which would not be, after all, in the spirit of
Stern’s analysis [10]), but it is rather associated
with the existence of an IR fixed point, not in con-
tradiction with the conclusion of Stern. In both
types of models the canonical dimensions of fields
are canceled by large anomalous dimensions at the
nontrivial fixed point.
• The arbitrary smallness of fermion masses has its
origin in the critical behavior in the vicinity of the
fixed point. The evolution of the effective coupling
constant not only slows down, but saturates by
the true infrared fixed point just above the criti-
cal value.
• Due to the fact that the flavor symmetry is bro-
ken, the low-momentum running of the effective fla-
vor coupling towards its non-perturbative IR fixed
point is effectively matrix-fold. The wild fermion
mass spectrum is an imprint of this matrix struc-
ture, amplified by the critical behavior near the
critical point.
IX. CONCLUSIONS
Present model of soft generation of masses of the SM
particles by a strong-coupling g.f.d. is rather rigid and,
if reliably solved, easily falsifiable. (i) It has just one un-
known parameter h which by dimensional transmutation
converts into the (theoretically arbitrary) mass scale ΛF.
This implies that the dynamically generated masses are
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related. Ultimately, this fact provides experimental tests
and predictions of the model even without resorting to
high energies. (ii) One elaborated example of mass rela-
tions is the sum rules for the electroweak boson masses
MZ , MW , Eq. (54). The implication of these sum rules
is interesting: There is no generic electroweak scale in
the model. The electroweak boson masses are merely a
manifestation of the large top quark mass [46–49]. (iii)
The neutrino right-handed singlets are introduced not
in order to describe the experimental fact of massive-
ness of the neutrinos. They are enforced by the purely
theoretical requirement of the absence of axial anoma-
lies. Explicit computation of the neutrino mass spectrum
represents an alluring prediction and a crystalline the-
ory challenge. The very existence of sterile neutrinos in-
troduced for anomaly freedom should have experimental
consequences in neutrino oscillations and in astrophysics.
(iv) The fermion SD equations fix also the fermion mixing
parameters. (v) It is natural to expect that the unita-
rization of the scattering amplitudes of the longitudinal
polarization states of massive spin one particles proceeds
in the present model via the massive composite ‘cousins’
of the composite ‘would-be’ NG bosons. Its practical im-
plementation is obscured, however, by our ignorance of
the detailed properties of the spectrum of strongly cou-
pled SU(3)F.
We believe that the physical arguments which yield the
dynamical mass generation of the SM particles are robust
and respect the quantum field theory common sense. It is
perhaps noteworthy that the model provides, regardless
of our will, natural candidates also for dark matter: ster-
ile neutrinos, axions and majorons. We cannot exclude,
however, that the world which the model describes is,
numerically, not ours.
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Appendix A: Fermion field content
On the one hand, the anomaly freedom allows only
specially balanced right-handed neutrino settings. On
the other hand, we may not add too many right-handed
neutrinos in order not to spoil the asymptotic freedom of
the flavor dynamics.
Whether the model is asymptotically free is given by
the negativity of the one-loop β-function
β(h) = − h
3
(4π)2
[
11
3
C(8)− 2
3
N ewC(3)− 2
3
ηAF
]
= − h
3
(4π)2
[
6− 2
3
ηAF
]
. (A1)
r d(r) C(r) C2(r) A(r) C3(r)
3(3) 3 1/2 4/3 (−)1 (−)10/9
6(6) 6 5/2 10/3 (−)7 (−)35/9
8 8 3 3 0 0
10(10) 10 15/2 6 (−)27 (−)9
TABLE II. We list important coefficients for the lowest rep-
resentations of the group SU(3). The coefficient C(r) and the
quadratic Casimir invariant C2(r) are defined in (A3) and
(A4), respectively. The anomaly coefficient A(r) and the cu-
bic Casimir invariant C3(r) are defined in (A8) and (A7),
respectively.
where
ηAF ≡
∑
r
NνRr C(r)
= 12N
νR
3 +
5
2N
νR
6 + 3N
νR
8 +
15
2 N
νR
10 + . . . (A2)
The coefficient C(r) reflects the flavor symmetry rep-
resentation of the corresponding field, and is related to
the quadratic Casimir invariant C2(r). Their definitions
and their relations are
δab C(r) = TrT ar T
b
r , (A3)
d(r)C2(r) = TrT
a
r T
a
r , (A4)
d(r)C2(r) = d(G)C(r) . (A5)
The values of the coefficients for few lowest representa-
tions are listed in Tab. II.
The consistence of the g.f.d. model requires that the
divergence of the flavor current
∂µj
µ
a = −
h2
64π2
dabcF
µν
b F˜cµν
∑
f
A(rf ) (A6)
vanishes.
The anomaly coefficients A(r) are given by
1
2
dabcA(r) = TrT ar {T br , T cr } , (A7)
d(r)C3(r) = d
abc TrT ar T
b
r T
c
r , (A8)
2d(r)C3(r) =
5
6
d(G)A(r) . (A9)
The values for some of the lowest representations are
listed in Tab. II.
The anomaly contributions of all electroweakly charged
fermions of the two cases I and II of the model are listed
in Tab. I.
For completeness, recall that an overall complex con-
jugate of the representations in the two settings is also
acceptable, but it is merely a matter of convention which
multiplets we denote as a triplet and which as an an-
titriplet.
From Tab. I we see that we need to compensate 3 (5)
units of triplet anomaly coefficient. The simplest solu-
tion is to add 3 (5) triplets of right-handed neutrinos.
But instead of this minimal setting we can add also some
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balanced, more complicated set including higher repre-
sentations. Constructing such non-minimal versions of
the model notice that a pair of r, and r, as well as real
representations do not contribute to the anomaly.
The number of right-handed neutrinos is constrained
by the inequality
ηAF < 9 , (A10)
(see definition (A2) of ηAF) which follows directly from
the requirement of negativity of the one-loop β-function
(A1).
If the right-handed neutrino setting contained a decu-
plet or higher complex representation, we would need to
compensate its high anomaly coefficient A(r) ≥ 27 by too
many other multiplets so that the β-function would be-
come positive. Adding real representations higher than
octet immediately makes the β-function positive too. So
we are allowed to combine only lower representations, 3,
3, 6, 6, and 8 and nothing else. Tab. III shows all possi-
ble asymptotically and anomaly free settings.
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